Precipitation of hydroxyapatite Ca 5 (PO 4 ) 3 OH (HAp) was carried out by mixing a saturated calcium hydroxide aqueous solution with an orthophosphoric acid aqueous solution at 37 1C. In order to promote optimal conditions for the production of HAp with high yields, mixing of the reaction medium was assured by a novel metal stirrer. Different experimental conditions were studied varying the mixing Ca/P molar ratio from 1 to 1.67. After process optimization, a suspension of HAp particles with pH close to 7 was obtained for a mixing molar ratio Ca/P ¼ 1.33. The precipitation process was then characterized as a function of pH and calcium concentration, revealing the existence of three different stages. The precipitate formed in each stage was characterized by scanning electron microscopy and X-ray diffraction.
Introduction
Calcium phosphates are widely used in biomedical applications, since their chemical composition is roughly equivalent to that of the inorganic matrix of human bone. Among them, special attention has been paid to hydroxyapatite Ca 5 (PO 4 ) 3 OH (HAp), due to its exceptional biocompatibility, bioactivity and osteoconductivity (He and Huang, 2007) .
HAp is usually produced from wet chemical synthesis, due to its simplicity, low cost, and easy application in industrial production (Liu et al., 2001) . Depending on the precipitation conditions, like stirring speed, reactants addition rate, Ca/P molar ratio, reaction temperature and pH, one can obtain HAp particles with different morphology, size and purity (Elliot, 1994; Ferraz et al., 2004) .
Several methods have been used, namely using nitrate, ammonium and phosphate ions that in addition to be polluting agents also require additional experimental steps to eliminate by-products resulting from the reaction. This paper refers to a simple and non-polluting method. It consists in preparing HAp from neutralization between calcium hydroxide with orthophosphoric acid: 5Ca(OH) 2 þ3H 3 PO 4 -Ca 5 (PO 4 ) 3 OHk þ9H 2 O
However, it is difficult to control the reaction conditions for the powder desired characteristics, since calcium hydroxide is slightly soluble in water and the state of the orthophosphate ions depends on pH. To overcome this limitation, most of the works have focused on the control of pH to favor the presence of the PO 4 3À ions and thus avoid the formation of other calcium phosphates. In Osaka et al. (1991) and Bernard et al. (2000) works, the authors studied the influence of the acid addition rate on the HAp powder properties and on the calcium hydroxide dissolution rate, respectively, demonstrating that maintenance of an alkaline reaction medium is fundamental to favor the formation of stoichiometric HAp. Nevertheless, for the synthesis of HAp for medical purposes, there is a concern in preparing HAp under conditions that are more conductive to the survival of cells. The preparation has to follow specific criteria, namely about pH and temperature conditions (Kumta et al., 2005) . In this work we report a simple methodology for the synthesis of HAp from diluted solutions at 37 1C. For that, a saturated calcium hydroxide aqueous solution was mixed with an orthophosphoric acid aqueous solution, without maintaining a fixed pH. By this way, a homogeneous solution of hydroxide and calcium ions shall be obtained, avoiding the formation of local concentration gradients, while maximizing HAp precipitation process. Further, reagents were mixed by a novel metal stirrer, designed in order to obtain an efficient and intense mixing of the reaction medium. The influence of the mixing Ca/P molar ratio on the powder properties and on the final pH value was studied, the optimum conditions being derived for obtaining stable HAp nanoparticles under near-physiological conditions of temperature and pH, i.e., HAp particles suitable for bone substitution application. Finally, the intermediate stages for the optimized HAp precipitation process were described.
Experimental procedure

HAp precipitation
Precipitation was carried out in a cylindrical batch reactor (Fig. 1 ) made of glass, with 100 mm in diameter and 250 mm in height, where temperature was regulated by a water jacket and a thermostatic bath maintained at 37 1C. The agitation was assured by a novel metal stirrer ( Fig. 1) , so as to obtain different mixing Ca/P molar ratios. Calcium concentration, pH, temperature and conductivity were continuously measured (inolab pH/cond level 3, WTW) and recorded for about 6 hours. The different electrodes were calibrated with buffer solutions. pH calibration was made with two buffer solutions (Hanna Instruments) with pH¼7.01 and pH¼10.01 at 25 1C. Regarding calcium electrode (inolab Ca 800, WTW), its calibration was done using standard solutions of 5 and 50 ppm of calcium. Those were prepared from CaCl 2 (Merck proanalysis, 98%) and ionic force was adjusted by the addition of 6 ml of KCl (Panreac, 99.5%) 4 M solution per 500 ml of standard solution. with an accelerating voltage of 15 kV) and zeta potential measurements (Malvern Nano ZetaSizer), suspensions were collected at the end of each experiment and directly analyzed. As to the Ca/P molar ratio of the final product, total phosphorus was quantified by the ascorbic acid method (spectrophotometer PG Instruments Ltd. T60 UV/VIS) and calcium was measured by atomic absorption spectroscopy (spectrometer GBC 932Plus).
HAp characterization
Experimental results and discussion
HAp precipitation process
From a thermodynamic point of view, the existing conditions favor the spontaneous precipitation of HAp, since it is the most stable calcium phosphate for pH between 4 and 12 at body temperature (Elliot, 1994) . But considering the kinetics it does not mean that HAp is the only calcium phosphate to precipitate (Koutsopoulos, 2002) . Thus, to reduce the influence of the kinetic factors, precipitation of HAp was performed from diluted solutions so as to obtain low supersaturations. Indeed, at low supersaturations homogeneous formation of the most stable phase is to be expected as the solution would be saturated or even undersaturated with respect to the other phases (van Kemenade and de Bruyn, 1987) . As it was referred above, calcium hydroxide is slightly soluble in water and generally a suspension with aggregates of undissolved calcium hydroxide is obtained. Therefore, through the use of diluted solutions it is intended to get a homogeneous solution of hydroxide and calcium ions in order to avoid the formation of local concentration gradients, so allowing a better control of the reaction conditions. 3.2. HAp precipitation process for mixing molar ratios Ca/P ¼1, 1.33 and 1.67 pH of the reaction medium was continuously measured during the precipitation process for all the operating conditions (Fig. 2) . Initial pH, corresponding to the pH of the saturated aqueous solution of calcium hydroxide, was high (412) and similar to the expected value (Safavi and Nakayama, 2000) . After the addition of the orthophosphoric acid aqueous solution, pH decreased and reached a plateau at approximately 10.8, 8.2 and 6.2 for Ca/P¼1.67, 1.33 and 1, respectively. Then, pH decreased slowly and stabilized, showing that the majority of the reaction is completed after, approximately, 10000 s. Further, for Ca/P¼1.33, pH stabilized near 7, as intended.
XRD patterns of the final products are shown in Fig. 3 . Formation of single-phased HAp was verified, more specifically nanocrystalline HAp due to the presence of broad diffraction peaks, namely at 261 2y and 30 to 341 2y (Tadic et al., 2002; Venkateswarlu et al., 2010) . Besides, XRD patterns obtained are similar to XRD patterns of biological apatites, which also present broad diffraction peaks, characteristic of small crystallites (Marković et al., 2011) .
Functional groups of HAp were confirmed by FTIR analysis (Fig. 4) . Bands for the hydroxyl group, OH À , and for the phosphate group, PO4 3 À , although not well resolved, were exhibited. Moreover, spectra exhibit a broad band from approximately 3700 to 3000 cm 1 and a peak at 1643 cm À 1 , revealing the existence of adsorbed water on the HAp particles, which can be justified by the low drying temperature (60 1C) and the absence of a ripening (ageing) treatment (Koutsopoulos, 2002; Osaka et al., 1991; Zhou et al., 2008) . The peak assigned to stretching mode of OH À is weak in the spectrum of the product obtained with a mixing molar ratio Ca/P¼1.33 (around 3571 cm À 1 ) and is not visible in the other spectra. This can be due to the overlap with the broad peak of the adsorbed water on HAp particles (Ma and Zhu, 2009 3 À , the broadening of the phosphate characteristic bands at 900-1200 cm À 1 and at 580-603 cm À 1 may be explained by the small dimensions of HAp particles precipitated (Venkateswarlu et al., 2010) . FITR spectra also exhibit carbonate bands, which can be explained by the absorption of CO 2 from air or water, once the reaction system was open to air. Carbonate bands were only observed in the spectra of the precipitates obtained for the larger mixing Ca/P molar ratios (1.33 and 1.67), since alkaline solutions readily absorb CO 2 (Osaka et al., 1991 (Landi et al., 2003) . Further, presence of a peak around 875 cm À 1 is detectable in all the spectra. This may indicate the formation of a calcium 3 . XRD patterns of the products formed during HAp precipitation at T¼ 37 1C for different mixing Ca/P molar ratios. Fig. 4 . FTIR spectra of the products formed during HAp precipitation at T¼ 37 1C for different mixing Ca/P molar ratios.
deficient HAp, as this peak is characteristic of the hydrogen phosphate group, HPO 4 2À (Koutsopoulos, 2002) .
Based on the results presented above, the most promising experiment from the point of view of the objectives mentioned is the one with a mixing molar ratio Ca/P¼1.33, as stable HAp nanoparticles were obtained under near-physiological conditions of temperature and pH.
3.3. Characterization of the HAp precipitation process for a mixing molar ratio Ca/P¼1.33
Supersaturation with respect to HAp, octacalcium phosphate (OCP) and beta-tricalcium phosphate (b-TCP) was calculated based on the ratio between the calcium concentration measured and the calcium concentration at equilibrium (Fig. 5) . The equilibrium concentration of calcium was determined using published solubility isotherms of the different calcium phosphate salts for the system Ca(OH) 2 -H 3 PO 4 -H 2 O at 37 1C (Ferná ndez et al., 1999) . According to the existing conditions of pH and supersaturation (Figs. 2 and 5) the calcium phosphate to precipitate should be HAp.
From Fig. 6 , three stages can be observed during HAp precipitation with a mixing molar ratio Ca/P¼1.33. In stage 1, there is a decrease in pH (from approximately 12 to 8.2) followed by a period of stabilization, and a decrease in calcium concentration.
Particles formed seem to be spherical with a diameter of approximately 20 nm and in an amorphous state (Fig. 8) . According to XRD results (Figs. 7 and 8) , precipitation of amorphous calcium phosphate Ca 3 (PO) 2 (ACP) occurs, which can be described by the following equation:
During stage 2, it seems that transformation of ACP to HAp occurs. In fact, XRD results (Fig. 7) confirmed the presence of HAp. Regarding SEM images (Fig. 9) , particles with two distinguished forms are shown, one spherical with a diameter around 20 nm and similar to the particles observed in stage 1, and one more elongated, with approximately 20 nm width and 100 nm long. According to Eq. (3), transformation of ACP to HAp causes consumption of calcium and hydroxide ions, which is experimentally verified (Fig. 6 ):
In stage 3, pH and [Ca 2 þ ] stabilize, meaning that the majority of the growth process is completed and that the product formed is stable. Fig. 7 confirms that the product formed is HAp, the XRD curves of stage 2 and stage 3 being overlapped. In terms of morphology and size, Fig. 10 shows rod-like particles of about 20 nm width and 100 nm long. Based on the results presented above, it seems that the precipitation process is characterized by the formation of ACP and its subsequent conversion to HAp. Nevertheless, formation of octacalcium phosphate 5Ca 4 H(PO 4 ) 3 (OCP) could be expected, since the system is supersaturated with respect to OCP at the beginning of the experiment (Fig. 5 ). In the case of OCP being an intermediate phase in the formation of HAp, transformation of ACP to OCP requires an uptake of phosphate and hydrogen ions and a release of calcium into solution, as described below:
But this is not confirmed by the experimental data, where a decrease of both calcium concentration and pH is observed. However, the possibility of OCP being a precursor remains, but is so unstable that it is rapidly converted to HAp (Eq. (5)). This may explain the fact that OCP was not detected.
The Ca/P molar ratio of the final product was determined. The product synthesized is characterized by a Ca/P molar ratio of 1.7870.05, which is higher than the stoichiometric value, thus showing the formation of a carbonated HAp of B-type. From the results obtained, particles precipitated seem to possess characteristics similar to biological apatites, since they are generally considered carbonated of B-type, exhibiting a Ca/P molar ratio higher than 1.67 (Landi et al., 2003; Kumta et al., 2005) .
Finally, final suspensions were characterized in terms of their behavior in solution (cryo-SEM) and in terms of size distribution (laser diffraction). From cryo-SEM image (Fig. 11) , it can be seen that HAp particles have the tendency to aggregate in solution, forming micrometric-size clusters, while based on SEM images (Figs. 9 and 10) HAp crystals have a size close to 100 nm. It also can be seen that the structures formed by those clusters have a porous nature. Aggregates of HAp particles with sizes of several microns were also observed by Saeri et al. (2003) . The granulometric analysis of HAp particles in volume (Fig. 12a) revealed the formation of aggregates with an average equivalent diameter around 39.5 mm. From the laser analysis in number (Fig. 12b) , HAp crystals range in size from 0.052-0.229 mm and have a mean equivalent diameter of 0.128 mm, presenting a narrow size distribution curve, similar to the one presented in Gomes et al. (2009) work. Based on zeta potential measurements (Table 1) , suspensions obtained are unstable. In the case of the product formed in stage 1, the aggregation phenomenon can be justified by its amorphous state and the particles dimensions, since they possess a high surface area to volume ratio, resulting in a high surface tension which they tend to lower by adhering to one another. The suspension seems to stabilize during the precipitation, as zeta potential value increases from stage 1 to stage 3. In fact, as crystals grow larger and become more stable, the surface tension decreases. However, zeta potential remains low indicating that the final suspension continues unstable. According to Bouyer et al. (2000) , the isoelectric point (IEP) of HAp varies between 4 and 6, and the pH of the final suspension is approximately equal to 7, which is close to the IEP of HAp and can thus explain the instability of the suspension. It is important to refer that zeta potential values are widely dispersed, which is mainly due to the presence of aggregates with different sizes.
Conclusion
This study describes a simple approach for the precipitation of HAp nanoparticles at 37 1C. Experiments with different mixing Ca/P molar ratios (1, 1.33 and 1.67) were investigated. Formation of HAp single-phased was confirmed by XDR and FTIR, for all the experimental conditions used. It also has been shown that for the mixing molar ratio Ca/P¼1.33, stable HAp nanoparticles were obtained at a pH close to 7, which is particularly important in the preparation of HAp for medical purposes. The precipitation process was characterized, revealing the existence of three stages: precipitation of ACP, transformation of ACP to HAp, and growth of HAp. The final product was characterized by a molar ratio Ca/P¼1.78 70.05, which is typical of a carbonated HAp of B-type. In addition, it was shown that the final product was composed of aggregates formed by nanoparticles with a rod-like shape of about 20 nm with and 100 nm long.
It is important to highlight that HAp particles produced in this work have characteristics (morphology, size and crystallinity) similar to particles already available in the market. But unlike other works, HAp precipitation was carried out at low temperature and without maintaining a fixed pH, so avoiding the use of additional chemical compounds and experimental steps. Finally, this work can be a useful contribution to other studies, namely because precipitation of HAp was studied in a reaction medium where pH is changing and also because the process was fully characterized, which is important for the understanding of the mechanism of HAp formation. 
